Severe pulmonary hypertension (PH) often develops in patients with pulmonary Langerhans cell histiocytosis (PLCH). Supplemental oxygen treatment is often used, whereas pulmonary arterial hypertension-specific vasodilators are generally considered hazardous because of the possible development of pulmonary edema and deterioration of hypoxia. In the present report, we herein describe a PLCH patient with severe PH in whom sildenafil, a phosphodiesterase 5 (PDE5) inhibitor, substantially improved the pulmonary hemodynamics before lung transplantation. An immunohistochemical study of the resected lung revealed positive staining for PDE5 on the diseased pulmonary arteries. These observations suggest that sildenafil can be a promising therapeutic option for PH in patients with PLCH.
Introduction
Pulmonary Langerhans cell histiocytosis (PLCH) is a smoking-related disease of an undetermined etiology that predominantly affects young adults (1) (2) (3) (4) . The disease can regress spontaneously after smoking cessation, but it sometimes progresses to chronic respiratory insufficiency (5) (6) (7) .
Pulmonary hypertension (PH) is a common complication that develops during the course of advanced PLCH. Supplemental oxygen, diuretics, and ultimately lung transplantation have been the conventional options for treating PLCHassociated PH (PH-PLCH). Pulmonary arterial hypertension (PAH)-specific vasodilators have long been considered hazardous because of the risk of pulmonary edema and hypoxia in patients with obstructions in the pulmonary veins. However, recent studies have described that PH-PLCH patients treated with PAH-specific drugs did not have hypoxia or exacerbating pulmonary edema (8, 9) .
We herein describe a patient with PH-PLCH who was treated with sildenafil, a phosphodiesterase type 5 (PDE5) inhibitor used as a bridge to lung transplantation. This significantly improved the patient's hemodynamics without affecting oxygenation or causing pulmonary edema. Pathological comparisons of lung samples obtained at initial diagnosis and at the time of transplantation, before and after the occurrence of PH, provide possible explanations for the mechanisms of PH and the effectiveness of sildenafil in this patient. PLCH from a biopsy of lung parenchymal and endobronchial lesions at a community hospital (Fig. 1A) . The endobronchial lesions improved three months after he stopped smoking, but the lung parenchymal lesions remained unchanged. This particular clinical course has been reported previously (10) . Three months after the initial diagnosis, the patient stopped attending the hospital and resumed smoking (30 cigarettes/day) at 21 years of age.
At 26 years of age (May 2008), the patient attended the same hospital with progressive exertional dyspnea, which he had experienced for the past year and thereafter he was referred to our hospital for evaluation. Chest computed tomography (CT) revealed increased diffuse reticulonodular and cystic shadows when compared with the findings in (Fig. 1B) . The pulmonary function tests revealed reduced vital capacity (VC: 44.3%, 1.79 L) and carbon monoxide diffusion capacity (DLCO %predicted: 22.5%) compared with the results at initial diagnosis (VC: 58.6%, DLCO %predicted: 45.1%; Fig. 2 ). Right heart catheterization (RHC) showed that the mean pulmonary arterial pressure (MPAP) had increased to 39 mmHg, and the pulmonary vascular resistance (PVR) was 587 dyn·s·cm -5 . Other RHC values were as follows: pulmonary capillary wedge pressure (PCWP) 4 mmHg, right ventricular end-diastolic pressure (RVEDP) 5 mmHg, cardiac output (CO)/cardiac index (CI) 4.8 L/min/3.1 L/min/m 2 , right arterial pressure (RAP) 5 mmHg, and mixed venous oxygen saturation (SvO2) 65%. The overall clinical findings suggested progressive PH along with worsened parenchymal destruction. The patient then stopped smoking and began treatment with diuretics and long-term oxygen therapy (LTOT).
Despite treatment, the patient's dyspnea and hypoxia gradually worsened from the World Health Organization functional class (WHO-FC) II to IV, and he was admitted to our hospital in January 2010. Echocardiography showed severe PH, whereas the lung parenchymal abnormalities on CT images were similar to those taken in 2008 (Fig. 1C) , thus suggesting that the dyspnea and severe hypoxia were due to PH progression rather than worsening lung parenchymal lesions. Because treatment with prednisone (60 mg/day) did not improve the dyspnea or hypoxia, the dose was rapidly tapered. The RHC at 50 days after resuming prednisolone (20 mg/day) revealed advanced PH with increased MPAP (60 mmHg) and PVR (628 dyn·s·cm -5 ). Because of the sustained hypoxia and the absence of a clinical response to corticosteroids, the patient was put on sildenafil (60 mg t.i.d.) treatment in March 2010. At the 12-month follow-up visit, significant improvements were evident in the WHO-FC (IV to III), MPAP (60 to 33 mmHg) and PVR (628 to 352 dyn·s·cm -5 ) without any remarkable change in oxygenation [partial pressure of arterial oxygen (PaO2) in room air: 47 to 53 mmHg].
The patient underwent a right single-lung transplant at Kyoto University in November 2011, which was 15 months after being placed on the transplant list (Fig. 1D) . His postoperative hospital course was uneventful and sildenafil was discontinued. At the follow-up visit six months later, significant improvements were evident in the patient's WHO-FC (III to I), MPAP (15 mmHg), PVR (116 dyn·s·cm -5 ) and oxygenation (PaO2 in room air: 53 to 76 mmHg). The patient remained in good health at 18 months after lung transplantation without any clinical evidence of PLCH recurrence or a need for externally delivered oxygen.
Pathological findings of lung samples obtained at the initial diagnosis and at lung transplantation
The pathological findings before and during established PH were compared in the lung specimens obtained at the initial diagnosis and at transplantation. The pathological findings at the initial diagnosis included multiple parenchymal cystic lesions surrounded by nodular or asteroid granulomatous lesions (Fig. 3A) . Many inflammatory cells consisted of CD1a-positive histiocytes, eosinophils and lymphocytes that had diffusely migrated from the lobules to the interlobular septae, including the small arteries, arterioles, small vessels and venules (Fig. 3B) . Several vessels were occluded or destroyed by invasion of these cells and by fibrosis (Fig. 3C) . However, the pulmonary vascular involvement was limited to the lung parenchyma far from the main granulomatous lesion (Fig. 3D) .
Pathological findings in the resected right lung revealed that the parenchymal architecture had been destroyed by interstitial fibrosis and bronchocentric fibrous remodeling, but LCH cells were undetectable (Fig. 4A) . The pulmonary architecture was destroyed (Fig. 4A) , and massive fibrosis and smooth muscle cell proliferation were evident in the interlobular septae and in several vessels within the fibrotic lesions (Fig. 4B, C) . The intimal thickening and medial hypertrophy that are features of PAH were apparent in some of the pulmonary arteries/arterioles in regions of the preserved lung without obvious parenchymal fibrotic changes (Fig. 4D) . The capillary or lymphatic vessel dilation and intra-alveolar hemorrhage, which are characteristic of venoocclusive disease, were not detected in either of the lung samples. Immunohistochemical assessment revealed PDE5 staining on the pulmonary arterial/arteriolar walls in parenchymal fibrotic (Fig. 5A ) and non-fibrotic lesions (Fig. 5B) . The walls of the diseased pulmonary arteries/arterioles were also positive for endothelin receptor (ER) B staining (Fig. 5C ), but not for ER-A (Fig. 5D ).
Discussion
The pathophysiology of PH arising in PLCH, classified as group 5 according to the Dana Point classification system (11) , is likely to be multifactorial. Chest CT of our patient showed advanced lung parenchymal destruction caused by cystic lesions. In addition, the patient had severe hypoxia before starting LTOT. Therefore, the reduced pulmonary vascular bed caused by the cystic lesions and sustained hypoxia might have contributed to the development of PH. Furthermore, the lung pathology at the initial diagnosis in the absence of PH-related clinical findings revealed fibrotic vascular abnormalities and vessel infiltration by LCH cells, with mild lung parenchymal destruction and cystic changes. Notably, the pathological findings in the resected right lung revealed vascular involvement in areas of the preserved lung without obvious parenchymal fibrotic changes in addition to the lung parenchymal fibrotic lesions. A study of 20 patients with PH-PLCH found no relationship between the severity of PH and impairment as determined by pulmonary function tests (12) . Furthermore, in pathologically assessed lung samples of PH-PLCH patients before and after the occurrence of PH, the pulmonary vasculature was worsened whereas the parenchymal lesions remained relatively unchanged (13) . These published results, together with the present pathological findings, suggest that PH can develop independently of lung parenchymal damage and that the degree of lung vasculature involvement significantly contributes to the severity of PH in PLCH. Although the precise mechanisms of the development of vascular involvement in the area of preserved lung remains unknown, various cytokines or growth factors produced by LCH cells, as well as direct LCH cell invasion of vessels or sustained hypoxemia, may be related to pulmonary arterial remodeling (14) (15) (16) .
The use of PAH-specific vasodilators to treat PH associated with chronic respiratory disease is considered to be hazardous because of the potential for a deterioration of a ventilation-perfusion mismatch and hypoxemia (17) . However, recent studies have found that oxygenation does not worsen in patients with PH associated with chronic respiratory disease receiving PAH therapy (19) . These findings are attributed to the disproportionately advanced or disproportionate PH, characterized by developments that mechanical lung disturbances cannot sufficiently explain. Pavec et al. recently administered PAH therapy to 27 patients with PH-PLCH and found that oxygenation does not cause any deterioration (9) . Sildenafil significantly improved the pulmonary hemodynamics in our patient without worsening hypoxemia. Vasodilators can theoretically dilate vessels in poorly ventilated lung fields, which can exacerbate a ventilation-perfusion mismatch and hypoxia. Indeed, sildenafil may have similarly affected pulmonary gas oxygenation in the fibrotic area of our patient. However, lung specimens obtained from our patient at transplantation showed intimal thickening and medial hypertrophy in some pulmonary arteries in areas with preserved alveolar architecture that were distant from the parenchymal PLCH lesions. Immunohistochemical staining revealed PDE5 expression in the diseased pulmonary artery in the area of the preserved lung.
Therefore, we speculate that sildenafil dilated the pulmonary arteries predominantly in lesions that were located far from parenchymal PLCH in our patient, thereby minimizing the ventilation-perfusion mismatch. The fact that sildenafil enhances the nitric oxide pathway in well-ventilated lung areas (20) supports this speculation.
Although the additional risk for pulmonary edema caused by vasodilators in patients with PH-PLCH has been discussed (13, 18) , our patient did not develop pulmonary edema after sildenafil treatment. In addition, capillary dilation and intra-alveolar hemorrhage or lymphangiectasis, which are characteristic of veno-occlusive disease (13), were scarce. Furthermore, venous involvement was modest in the fibrotic area and not widely distributed in areas of the preserved lung. Thus, the vasculopathy that predominated in the arteries/arterioles might explain why sildenafil did not cause pulmonary edema in our patient.
In the present case, immunohistochemical staining of PDE5 and ER-B was positive in the diseased pulmonary arteries/arterioles. We also previously described the effectiveness of using a PDE5 inhibitor and an ER blockade to treat PH combined with pulmonary fibrosis and emphysema (CPFE) which showed positive staining of PDE5 and ER-B in diseased pulmonary vessels (21) . Further studies with more patients are necessary to clarify the association between the positive PDE5/ER seen in the immunohistochemical analysis and the clinical response to these two PAHspecific vasodilators.
In summary, we herein described PH-PLCH in a patient in whom sildenafil significantly improved his pulmonary hemodynamics without causing any worsening of oxygenation or pulmonary edema. The pathological findings at lung transplantation provided possible explanations for these significant effects. Together with the report published by Pavec et al., the present findings suggest that sildenafil could be a therapeutic option for PH-PLCH. However, further studies are warranted to evaluate the safety and effectiveness of PAH-specific vasodilators in patients with PH-PLCH.
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